"open" chromatin structures, respectively, and where propagation of each state occurs by self-templated assembly of chromatin in the mat2/3 region (Grewal and Klar, 1996) . During DNA replication, the preexisting nucleoprotein complexes are hypothesized to contribute significantly toward assembly of the chromatin to propagate the parental state onto both daughter chromatids.
Here, we addressed the question of whether modifiers of PEV affect the initial generation of the imprint or simply the maintenance of the imprint. We demonstrate that a chromodomain-containing protein Swi6 acts as a dosage-critical factor whose recruitment to the mat2/3 region is a limiting step in establishment of the epigenetic imprint. We also show that Swi6 remains associated with the mating-type region throughout the cell cycle and might itself be an important component of the imprint. This study strongly supports the involvement of chromatin proteins in imprinting and cellular memory.
Results

Transient Presence of swi6 Multiple Copies Causes Efficient Heritable Conversion of ura4-on to ura4-off Epigenetic State
The chromatin replication model makes several testable predictions. First, introduction of multiple copies of the clr4 or swi6 produced a significant increase in the proportion of cells exhibiting the ura4-off state. This was indicated by increased growth on FOA counterselective the extra copies of swi6 are removed ( Figure 2A ). Remarkably, this prediction proved to be correct, since the medium and increased intensity of iodine staining (Figures 1B and 1C ). In comparison with swi6, the phenotype ura4-off state was stable for more than 30 generations after loss of the swi6-containing plasmid from Ͼ50 indecaused by clr4 was subtle. Since Swi6 localization to the mating-type region is dependent upon the clr4 gene pendent transformants ( Figure 2B, top) . Fluctuation analysis showed equivalent rates of epigenetic reversion product (Ekwall et al., 1996), it is possible that Clr4 acts indirectly by enhancing the recruitment of Swi6 to the in induced and spontaneous ura4-off epialleles (7.1 ϫ 10 Ϫ4 and 5.6 ϫ 10 Ϫ4 per cell division, respectively). Semat locus.
We also tested whether multiple copies of clr4 or swi6 quencing of the K region from cells carrying ura4-on or induced ura4-off epialleles revealed that the observed can enhance ura4-on to ura4-off conversion even in cells carrying a mutation in clr1, clr2, clr3, clr4, or swi6. effect is not due to a change in the DNA sequence (data not shown). However, it was possible that the heritable Except for the self-complementation, no significant enhancement was seen (data not shown). Thus, extra copeffect was due to the long half-life of the Swi6 protein produced by the multiple copies. We ruled out this posies of chromodomain proteins Clr4 and Swi6 enhance the establishment of the ura4-off state, but this change sibility by transforming K⌬::ura4 ϩ swi6 Ϫ ura4-on cells with a swi6-containing plasmid. A significant increase requires the products of other trans-acting loci.
The second, perhaps most critical, prediction of the in ura4-off cells was observed, as expected. If Swi6 encoded by the plasmid was stable for many generamodel is that multiple copies of swi6 should induce a heritable change in the imprint. That is, the newly tions, the ura4-off state should be propagated when the plasmid is lost. Instead, removal of the plasmid led to established ura4-off state should maintain itself after Figure 3B ). Therefore, significantly higher levels of Swi6 are present at the K⌬::ura4 ϩ locus of ura4-off than those of the ura4-on cells. We also analyzed the Swi6 levels in other parts of the mat2/3 region. In addition to the K⌬::ura4 ϩ locus, chromatin fractions immunoprecipitated with anti-Swi6 antibodies were simultaneously analyzed for the presence of K region sequences, by using multiplex PCR. As shown in Figure 3C , ura4-off cells have notably more Swi6 present at all locations tested within the mat2/3 interval when compared with ura4-on cells. This result further suggests that ura4-on and ura4-off cells exhibit differential Swi6 localization pattern throughout the were harvested, grown further in absence of the drug for ‫03ف‬ generations, and then subjected to CHIP analyMultiple Copies of swi6 Cause Non-Mendelian sis with anti-Swi6 antibodies. First, confirming our previSegregation of ura4-off and ura4-on States ous result, the transient exposure to TSA resulted in a
The role of Swi6 in establishment of the imprint is imdramatic increase in ura4-off to ura4-on conversion portant because it suggests that the Mendelian gene when compared with the untreated control cells (Figure comprises more than a DNA moiety. We independently 4C, top panel). Second, in cells treated with TSA, the confirmed this result by using a strain (SPG1232) conSwi6 localization at the K⌬::ura4 ϩ locus was severely structed to contain exactly three copies of swi6 at its disrupted ( Figure 4C, bottom panel) . Therefore, inhibinormal endogenous location (swi6 ϩ -333 allele). ura4-off tion of histone deacetylation by TSA adversely affects cells of SPG1232 (his2 Ϫ ) were crossed to ura4-on cells propagation of the epigenetic imprint at the mating-type of SPG1162 (his2 ϩ ; 1 copy of swi6) and subjected to region and, remarkably, the loss of imprint correlates tetrad analysis. Of the six different segregation patterns observed for this cross (Figure 5A ), we found that with the disruption of Swi6 localization. classes II-V were novel, and were not observed among present at the K⌬::ura4 ϩ locus. Remarkably, different levels of Swi6 corresponding to ura4-on and ura4-off standard swi6 ϩ -containing strains (Grewal and Klar, 1996) . Whenever swi6 ϩ -333 segregated with his2 Ϫ , states were maintained both during the diploid's mitotic growth as well as meiosis ( Figure 5B) . Additionally, the linked to the ura4-off epiallele, the usual 2 Ura ϩ :2 Ura Ϫ segregation was seen (class I), suggesting that epigegain of imprint in classes II and III was found to correlate with increased levels of Swi6 at K⌬::ura4 ϩ , suggesting netic states are stably maintained during meiosis and inherited in cis. However, in tetrads in which swi6 ϩ -333 that the recruitment of Swi6 to the mat locus is a crucial step in establishment of the silenced state. More imporsegregated with his2 ϩ , originally linked to the ura4-on epiallele, remarkably, 1 Ura ϩ :3 Ura Ϫ (class II) or 0 Ura ϩ :4 tantly, Swi6-containing nucleoprotein complex is maintained both during mitosis and meiosis. Ura Ϫ (class III) non-Mendelian segregation patterns were observed ( Figure 5A ). The gain of the imprint in classes II and III confirmed that as few as three copies Distribution of Swi6 throughout the mat2/3 Interval and in Neighboring Regions of swi6 ϩ convert ura4-on to ura4-off by changing the imprint at the mat locus. Moreover, once established, In addition to the ‫51ف‬ kb silent mat2-K-mat3 interval, silencing also extends into the neighboring sequences the ura4-off epistate is stable even in the absence of the swi6 ϩ -333 modifier. The effect of swi6 ϩ multiple copincluding an interval between mat1 and mat2, called the L region, but is alleviated with increase in distance from ies was also observed during the diploid's mitotic growth, causing 0 Ura ϩ :4 Ura Ϫ segregation pattern donor loci (Ayoub et al.
, 1999). Marker genes introduced at different places within the silent domain are also sub-(class V).
Diploid cells carrying a break at mat1 undergo homoject to transcriptional silencing, which is dependent on the functional clr1, clr2, clr3, clr4, and swi6 gene prodzygosis of all markers located centromere-distal to the break site in ‫%2ف‬ of cell divisions (Egel, 1981). Interestucts (Thon et al., 1994; Grewal and Klar, 1997; Ayoub et al., 1999). That is, swi6 and clr gene functions act ingly, we observed that ura4-on and ura4-off epigenetic states also undergo homozygosis. As indicated by 4 ϩ :0 Ϫ upon the entire silent domain to maintain it in the repressed state. Therefore, considering the global effect and 0 ϩ :4 Ϫ segregation of his2 marker (Figure 5A ), segregation patterns observed in classes IV and VI are the of these trans-acting factors, it was of interest to investigate whether Swi6 protein was distributed throughout result of homozygosis phenomenon. The cohomozygosing of epigenetic states with their respective his2 alleles the silent domain. CHIPs analysis was used to determine the presence of Swi6 at the marker genes inserted at further reinforces the conclusion that these states are chromosomally inherited. different locations within the silent domain. Strains bearing ura4 ϩ or ade6 ϩ gene integrated at the mating-type We next investigated whether different levels of Swi6 at the mating-type region of ura4-on and ura4-off cells region, and which carry a small deletion in their corresponding endogenous gene (ura4DS/E or ade6DN/N, are maintained during meiosis. In addition, we verified the generality of our conclusions that establishment of respectively) were employed. Data presented in Figure  6 showed that Swi6 is distributed throughout the silent the epigenetic imprint in ura4-off cells is coupled to the recruitment of Swi6 to the mat locus. The meiotic sedomain encompassing the mat2/3 region and the surrounding areas. Moreover, the relative abundance of gregants from classes I-III, described above, were subjected to CHIP analysis to assess the levels of Swi6
Swi6 in the L region gradually decreases with increase in distance from the mat2 locus and correlates well with the stringency of repression at a particular location (Figure 6 ). These data are also consistent with the idea that silencing of heterologous promoters introduced at the mating-type region occurs because the heterochromatin protein complexes spread into the marker gene.
Swi6 Is Associated with the Mating-Type Region throughout the Cell Cycle
A key feature of the chromatin replication model is that the preexisting nucleoprotein complexes that are stably distributed to sister chromatids serve as an epigenetic imprint. Therefore, maintenance of the protein-DNA interactions throughout the cell cycle including the DNA replication process is crucial. Since Swi6 seems to be an important component of the imprint at the mat2/3 region, we examined its association with the matingtype region at different stages of the cell cycle. We first analyzed the levels of total Swi6 present throughout the cell cycle. Temperature-sensitive cdc25-22 mutant cells were arrested at the G 2 /M boundary at the restrictive temperature and then allowed to grow synchronously. Cell cycle progression was followed by septation index, which peaks during the late G 1 /S phase ( Figure 7B ). Cells were sampled every 20 min and analyzed for the presence of Swi6 and the Orp1-HA protein used as a control. As shown previously by Grallert and Nurse (1996), Orp1-HA levels remain constant at all phases of the cell cycle. Likewise, Western blotting analysis showed that Swi6 levels remain constant throughout the cell cycle ( Figure 7A ). We next tested whether Swi6 was associated with the mat2/3 region throughout the cell cycle. Synchronously growing K⌬::ura4 ϩ ura4-off cells were sampled every 20 min and subjected to CHIP analysis with anti-Swi6 antibodies. Remarkably, the K⌬::ura4 ϩ sequences were Discussion silencing and the efficiency of mating-type interconversion (Grewal and Klar, 1996) . We investigated whether The inheritance of stable chromosomal imprints helps to maintain specific patterns of gene expression. Although components of the chromatin machinery, mutations in which adversely affect silencing at mat2/3 region, act development of higher eukaryotes is highly complex, heritable transcriptional repression has often been hyas modifiers of the epigenetic imprint. A remarkable finding is that, indeed, chromatin proteins are important pothesized to be mediated by self-templating chromatin structures. This study addresses the molecular mechadeterminants of the imprint. Specifically, we demonstrate that a chromodomain protein Swi6 remains bound nism responsible for the establishment and inheritance of a chromosomally inherited epigenetic imprint at the to the mating-type region throughout the cell cycle and plays a key role in the establishment and maintenance of mating-type region of fission yeast, which controls both the imprint. That is, the persistence of macromolecular Previously, we have shown that when strains showing ura4-off and ura4-on states are crossed to construct protein complexes associated with the mating-type region DNA presumably contributes to the maintenance of a diploid, each chromosome maintains its respective epigenetic state (Grewal and Klar, 1996) . In this regard, the silenced state during mitosis and meiosis. Therefore, the unit of inheritance, that is, the "gene", at the matingwe found that despite sharing the same nuclear environment, ura4-off and ura4-on epialleles maintained differtype region comprises DNA plus the associated chromatin proteins, such as Swi6.
ential Swi6 localization patterns during the diploid's mitotic growth as well as during meiosis ( Figure 5) . Therefore, the persistence of Swi6-containing nucleoImprinting Cellular Memory into the Chromatin:
protein complex assembled at the mat region, rather Role of a Chromodomain Protein Swi6 than diffusible factors, was likely to serve as a cellular in Epigenetic Inheritance memory. Since Swi6 localizes to the mating-type region The Swi6 protein is an essential structural component presumably through protein-protein interactions (Ekwall of centromeres, telomeres, and the mating-type locus et al. 1996), it is unlikely, however, that it alone is respon-(Allshire, 1996). Mutations in Swi6 alleviate recombinasible for the maintenance of the imprint. tion suppression and silencing at the mat2/3 region and Recently, it was observed that transient inhibition of disrupt nonrandom utilization of donor loci during mathistone deacetylases by TSA treatment "erases" the ing-type switching (Klar et al., 1998) . A proposed interepigenetic imprint at centromeric and mat2/3 regions pretation of its multiple roles is that Swi6 participates and induces a heritable increase in histone acetylation in formation of heterochromatin-like structures essential (Ekwall et al., 1997; Grewal et al., 1998). Therefore, the for silencing and mating-type switching. We found that maintenance of the hypoacetylated chromatin-state and Swi6 is present throughout the silent domain in mat2/3 the presence of histone deacetylase at these silenced region and spreads into neighboring sequences. More regions were postulated to be critical in propagation importantly, Swi6 is a dosage-critical component reof the imprint. In this regard, we found that histone quired for establishing and maintaining an epigenetic deacetylases Clr3 and Clr6 (Grewal et al., 1998) are esimprint, which controls propagation of the silenced sential but not limiting components for assembly of the state. Remarkably, transient presence of multiple copies silenced state; instead, Swi6 seems to be a dosageof swi6 altered the structural and functional imprint at critical factor essential for resetting the epigenetic memthe mat2/3 region, resulting in a heritable change from ory ( Figure 1) . Besides, TSA-induced change in imprint an inefficiently switching expressed state (ura4-on) to seems to be mediated through stable change in Swi6 an efficiently switching repressed state (ura4-off). This localization pattern at the mat locus ( Figure 4C ). We Swi6-induced change is inherited in cis and is remarkpropose that a self-perpetuation mechanism might be ably stable during mitosis and meiosis. Supporting our in place, in which recruitment of Swi6 to chromatin is genetic data, biochemical analysis revealed that ura4-dependent upon its association with deacetylated hisoff cells contain several-fold higher levels of Swi6 at tones. Once recruited, however, it might stabilize the their mating-type region when compared with ura4-on localization of other factors including histone deacetycells. Moreover, establishment of the ura4-off epigenetic lases, promoting the maintenance of the silenced state. state is tightly coupled to the recruitment of Swi6 at the Consistent with this hypothesis, we found that mutation mat2/3 interval. Once recruited, however, Swi6 remains in Swi6 results in elevated levels of histone acetylation associated with the mating-type region throughout the at the mating-type region ( Figure 4B ). cell cycle (Figure 7) , providing a molecular bookmark to In S. cerevisiae, the silencer-mediated repression of clonally propagate a specific chromatin configuration, hence maintaining the silenced state during cell division. silent mating-type loci is dependent on their proximity to telomeres. It has been suggested that unequal districhromosomal proteins that are involved in regulation bution of silencing factors (e.g., Sir3 and Sir4) at the of position-dependent gene activity (Wallrath, 1998 (Ogawa et al., 1999) , it is possible that Swi6 might 1998), and they have implications for the maintenance also interact with these proteins, providing an indepenof genome integrity. The importance of these secondary dent mechanism for its persistence at the mat locus. roles should not be underestimated. In general, homolAlternatively, it can be imagined that chromatin assemogy encourages recombination. Nevertheless, despite bly factor 1 (CAF-1), which physically associates with the presence of interspersed repetitive sequences the DNA replication machinery (Shibahara and Stillman, throughout the intergenic regions of higher eukaryotic 1999) and HP-1 family members (Murzina et al., 1999) 
